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Introduction 28
Understanding the joint temporal dynamics of taxonomic and morphological diversity can provide 29 tremendous insights into evolutionary success and its relationship with ecological opportunity, 30 selective pressures, constraints, biotic interactions and environmental conditions. One prominent 31 evolutionary concept that attempts to explain the remarkable diversity of life found on Earth is 32 adaptive radiation. Adaptive radiations are thought to occur when new ecological opportunities 33 arise and are argued to proceed with a rapid increase in species number associated with an increase 34 in the diversity of phenotypes (Schluter, 2000) . Critically, these rapid increases are then expected to 35 follow with a slowing down of both speciation events, with an associated increase in diversity of 36 phenotypes as the ecological niches become filled, and which leaves a correlated distribution of trait 37 values in extant species. 38 39 This early burst model has proved to be rather alluring and a number of statistical tools for 40 comparative analyses using time calibrated phylogenies have been developed to look for the 41 signature patterns described above (Harmon et al., 2003 , Freckleton and Harvey, 2006 , Harmon et 42 al., 2010 , Slater et al., 2010 , Slater and Pennell, 2014 . The support for early bursts in adaptive 43 radiations is currently weak (eg Harmon et al. (2010) ), but it is difficult to know how much of this 44 is due to the model being a poor descriptor of how phenotypic diversity accumulates; how much is 45 due to missing and/or heterogeneous data or the tendency to focus only on extant species; and how 46 much is due to the inability of the statistical tools to be able to correctly pick out the early burst 47 model (ie statistical power). Aside from the early burst model, bursts in phenotypic diversity could 48 arise more recently and be associated with specific environmental events and/or extinctions in other 49 clades that offer up new ecological opportunities. Phenotypic diversity could also occur via a 50 number of selective bursts between which traits remain fairly constant around some set of selected 51 values and all of these possibilities have been explored (Harmon et al., 2010) . 52 53 null model of a random walk in evolutionary time. One of the more popular approaches is to look at 55 morphological traits to see if trait diversity increases, decreases or stays the same as species 56 accumulate in evolutionary time, and also see whether this diversity is greater within clades or 57 between clades. Convergent evolution of traits is implied if morphological disparity is 58 predominantly found within one or more subclades; whereas adaptive radiations are expected to 59 show divergence of traits between subclades, and in this scenario between clade morphological 60 disparity should be greater than among subclade disparity. This analysis of between and within 61 clade trait disparity has been championed by the disparity through time (DTT) approach introduced 62 by Harmon et al. (2003) . Here the empirical DTT curve is compared to the distribution of DTT 63 curves generated on the same phylogenetic tree but under a specific model of how the trait diversity 64 evolves. Generally the null model is an uncorrelated random walk such that the trait values are 65 expected to hover around a medial value, and this is generally referred to as Brownian evolution (ie 66 a Brownian random walk over time in trait space). The method of comparison is critical in 67 determining whether the empirical data can be distinguished from the null model. Early analyses 68 used an integral deviation method called the Morphological Disparity Index (MDI) which sums the 69 deviations of the empirical DTT curve from the median of the null model simulations (Harmon et 70 al., 2003) . The index can then be compared to the distribution of values produced by the simulation 71 to test whether it is significantly different from the null model (e.g. Ingram (2015) supported the conclusion that a burst in evolution of brain shape occurred approximately 17-12 Ma, 104 was associated with a burst in evolution of body mass that has previously been linked to 105 diversification of diet and locomotion strategies, and was followed by a slowdown in disparity 106 changes that persists to the current day. Conversely, Feilich (2016) found disparity in cichlid fin and 107 body morphology was often greater than expected under the null model of Brownian evolution 108 indicating most variation in morphology occurred within subclades. Moreover, the observed body 109 and median fin disparity above the 95% confidence interval produced by the null model simulations 110 coincided with the Cichlinae-Pseudocrenilabrinae split, and a later split caused by the radiation of 111 the haplochromine cichlids. 112 113 However, the pointwise envelope method leads to weaker than expected statistical performance 114 because multiple tests, one at each time point, are being performed simultaneously. This an issue 115 that occurs in many different areas (eg spatial statistics Baddeley et al. (2014) ), and generally 116 whenever the pointwise envelope method is used in conjunction with a non-parametric method that 117 produces a function as its summary output. Multiple testing leads to an increased type 1 statistical 118 error rate (an elevated rate of rejection of the null hypothesis when it is true) that is no longer in line 119 with the significance level being used to generate the confidence intervals of the envelope. 120
Although multiple testing problems may be solved using a Bonferroni correction, it is not 121 appropriate here because the assumption of independence of tests is violated by the correlation of 122 disparity values between consecutive time points and also the (often) large number of time points 123 being simultaneously evaluated (Loosmore and Ford, 2006) . Perhaps as a consequence of this many 124 studies, including those discussed above, have used multiple methods to look for non-Brownian 125 trait evolution including the MDI and the node height test (Freckleton and Harvey, 2006) . However, 126 the continued use of the pointwise envelope suggests its graphical interpretation is very appealing 127 and it would therefore be worthwhile to circumvent its multiple testing issues. and type 2 error rates and is recommended for testing point pattern data against the null model of 139 complete spatial randomness. The rank envelope can be developed and applied to any model that 140 produces a vector, like the DTT plot, however, its performance needs to be tested since there are 141 many ways of ordering curves based on their 'extremness' and not all methods will produce 142 desirable results. 143
144
In what follows, the rank envelope test will be developed for DTT null model analyses and its type 145 1 and type 2 statistical properties compared to the pointwise envelope, MDI, and node height tests. 146
The pointwise envelope test will be shown to have extremely poor type 1 error rates and should not 147 be used for inference. In contrast, the rank envelope method will be shown to possess desirable type 148 1 error rates, and be at least as powerful as the other tests in detecting accelerating or decelerating 149 rates of trait evolution whilst retaining the useful property of graphical interpretation. The node height test (Freckleton and Harvey, 2006) investigates if there is a significant correlation 266 between the absolute magnitude of the standardized independent contrasts of the trait(s) and the 267 height above the root of the node at which they were being compared to. The height of a node is 268 defined as the absolute distance between the root and the most recent common ancestor of the pair 269 from which the contrast is generated. A significant relationship between these indicates that the rate 270 of trait evolution is changing systematically through the tree with early and late bursts in trait 
False positive rates (Type 1 errors) 283
The false positive rate is investigated by simulating an empirical dataset of trait evolution under the 284 rejects the null hypothesis. Results for the DTT approach using the pointwise envelope test at the 286 5% level of significance show a disappointing, but unsurprising high rate of false positives (Figure  287 1). The multiple testing nature of this method means that the false positive rate is dependent upon 288 the number of species in the comparison, and in the simulations the rate of false positives ranges 289 approximately between 0.25 and 0.5 for 10-200 species (Figure 1) . That is to say, for comparisons 290 using more than 100 species the pointwise envelope test is incorrectly rejecting the null hypothesis 291 of Brownian evolution in approximately 50% of cases. As such it is impossible to recommend this 292 method for inference of non-Brownian bursts of trait evolution. In comparison, the node height test 293 and the global rank envelope test both return consistent false positive rates that hover around the 294 significance level used (Figure 1) . The MDI shows a high type 1 error rate for phylogenetic trees 295 with less than 40 species, but thereafter a desirable false positive rate is returned. Feilich (2016)). Simulations for both scenarios confirm that the MDI, the node height, and the rank 303 envelope test can all successfully detect both early and late bursts in trait evolution ( Figure 2) . 304
Convention dictates that at the 5% significance level a desirable test shows a true positive rate of 305 0.8. The ability of all tests to reach this mark is dependent on the number of species and the strength 306 of the early or late burst, but other generalities do emerge. Firstly, for early burst trait evolution the 307 MDI deviation test is less powerful than the node height and global envelope tests, with the global 308 envelope test generally showing slightly higher power. Secondly, early bursts are slightly easier to 309 detect than late bursts of trait evolution i.e. the desired true positive rate is reached with fewer 310 species in early burst models compared to late burst models. The node height and global envelope 311 tests show similar power to detect late bursts, but the MDI is better able to detect late bursts in trait 312 evolution with fewer species at the tips. Example simulations for each early/late burst rate with 100 313 species at the tips of the phylogenetic tree can be found in the supplementary material ( Figure S1 ). 314
315

Data Examples 316
Having established the rank envelope test possesses desirable type 1 and type 2 statistical error 317 properties, three datasets were used to illustrate how inference of the rates of morphological 318 evolution can change depending on whether the pointwise or global envelope test is used. Since the 319 pointwise envelope test is too liberal in its rejection of the null model the expectation should be for 320 a reduction in support for non-Brownian bursts in morphological evolution. 321
322
The first example uses the morphological and phylogenetic data on Darwin's finches (Geospiza) 323 which is currently found in the geiger (version 2.0.6) R package. Re-analysis shows support for two 324 late bursts in culmen length evolution by the pointwise envelope test, both showing diversification 325 predominantly occurring within clade(s) followed by decreases in disparity caused by increased 326 diversity between clades (Figure 3a) . In contrast, there is no departure from the null model of 327
Brownian evolution according to the rank envelope test (Figure 3b results they came to the conclusion that cetaceans do show a burst in evolution of body size and that 334 this occurred predominantly during the period 6-11 Ma. Reanalysis confirms that the pointwise 335 envelope approach finds the same burst in trait evolution but that the global envelope test fails to 336 find any departure from the null model of Brownian evolution at the 5% level of statistical 337 significance (Figure 3c, d) . These results are covered in more detail in the discussion. 338
339
The final example is taken from (Feilich, 2016) who investigated the evolution of 340 body shape, caudal fin shape, dorsal fin shape, and anal fin shape in 131 African cichlid fishes. Re-341 analysing the data for anal fin shape using the pointwise envelope (Figure 3e ) confirms the spike in 342 relative disparity coinciding with the Cichlinae-Pseudocrenilabrinae split 45-75 MYA reported in 343 the original paper as well as the spike nearer to the present day that coincides with the 344 haplochromine radiation (Feilich, 2016) . In contrast, the rank envelope method finds no discernable 345 difference (at the 5% level of significance) from the null model of Brownian evolution at any point 346 in the evolutionary timeline (Figure 3f ). Re-analysis of body shape, dorsal fin shape, and caudal fin 347 shape evolution using the rank envelope method does retain support for the peaks in disparity 348 associated with the haplochromine radiation found by (Feilich, 2016) using the pointwise envelope 349 method ( Figure S2) . re-interpretation of some previous analyses may be required using a global envelope test such as 363 that introduced here rather than a pointwise envelope test. 364 365 A number of methods beyond the pointwise envelope test have been used and there is clear 366 variability in their ability to detect departures from the null model (Figure 2) . The MDI (Harmon et 367 al., 2003 ) is a global test as it sums up the difference between the empirical DTT and the average of 368 the simulations of the null model. However, the MDI can be relatively insensitive to early bursts in 369 diversity that lead to larger between-clade disparity ( Figure 2) ; can return a high false positive rate 370 for datasets with less than 40 species (Figure 1) ; and it is possible for a large difference from the 371 null model in one time period to be cancelled out by smaller deviations in the opposite direction at 372 other time periods. However, the MDI might be better at detecting late bursts in diversity ( Figure  373 2). This is possibly because late bursts are often associated with long time periods of disparity 374 concentrated within clades (eg Figure 2a, e ) and there is less chance the deviation from the median 375 of the simulations is cancelled out by negative deviations elsewhere. On the other hand, there is 376 little to choose between the rank envelope test and node height test based upon the results presented 377 here (Figure 1, 2) . The main advantage of the rank envelope method is that it provides a 378 visualization of how disparity changes over time and it is easier to see where the burst of trait 379 evolution may have occurred. Given this, and the slightly better performance when species numbers 380 are small and/or early/late bursts are weak, the rank envelope method might be preferable. Fernandez, 2016)), to test for departures from Brownian evolution, but given the results presented 387 here there is a risk that a mixture of results will be produced. For example, before removing species 388 considered to be outliers, Slater et al. (2010) found evidence supporting an early burst in cetacean body size using the pointwise envelope test (replicated here in Figure 3 ), but neither the MDI test 390 nor the node height test could find a statistically significant deviation from the null model of 391 Brownian evolution. These discrepancies are expected given the high false positive rates of the 392 pointwise envelope test (Figure 1) , and re-analysis using the global rank envelope test shows 393 agreement with the results of the initial node height test, and MDI test before removal of outliers 394 (Slater et al. (2010) ; Figure 3 ). 395
396
The methods investigated here all use the same hypothesis test approach. That is to say we test our 397 data against a suitable null model to see if there are detectable departures from the null model. A 398 different approach is to consider a number of candidate models and ask which model best describes 399 the data (Johnson and Omland, 2004) . The advantage of this model selection approach is that 400 multiple models are considered simultaneously, but of course there is no guarantee that the best 401 model, usually determined by some information theoretic criterion, is a 'good' descriptor of the 402 data. The model selection approach has been developed for trait evolution by Harmon et al. (2010) 403 who used maximum likelihood methods to fit models that could produce Brownian evolution, 404 increasing or decreasing trait diversification rates, as well as selective peaks where the trait value 405 has a tendency to return to a medial value. Using the likelihood ratio test, they found the Brownian 406 evolution and the selective peak (Ornstein-Uhlenbek) models to be the most frequently selected 407 across 49 clades, implying early bursts in trait evolution are relatively rare. Slater and Pennell 408 (2014) extended this method by employing a posterior predictive approach instead of the likelihood 409 ratio test. The posterior predictive approach proceeds by fitting the parameters to the candidate 410 models using maximum likelihood as in (Harmon et al., 2010) , but model selection is based upon 411 sampling the trait evolution from the fitted models and then comparing the fit of each model to the 412 observed trait values. Slater and Pennell (2014) developed this method using either the MDI test, or 413 the node height test and showed both of these posterior predictive methods can have a higher power Harmon et al. (2010) . Re-analysing the cetacean dataset with these methods led to the conclusion 416 that an early burst model best described the evolution of whale body size (Slater and Pennell, 2014) . 417 This is not surprising given the envelope test clearly shows the empirical DTT curve is close to 418 falling below the lower confidence interval (Figure 2d) . Ultimately, the user needs to choose 419 between the null model testing and model selection methods, but the rank envelope test developed 420 here could easily be incorporated into the posterior predictive methods of Slater and Pennell (2014) , 421 since the ranking of the observed DTT curve in the ensemble of simulations from each of the 422 candidate models generates a single metric, the global rank amongst the set of model curves, that 423 could then be used to compare the models. 424
425
In summary, the pointwise envelope test method that has been employed to investigate bursts in 426 trait evolution shows unacceptably high type 1 statistical errors and should not be used. 
